Introduction
Chronic obstructive airways disease (COPD) is an inflammatory disorder of the airways and is an international health problem of great importance; between 1994 and 2010, 2.3 million deaths were attributed to COPD in the European Union and these deaths were associated with cigarette smoking. 1 Important epidemiological work has identified that although smokers have an increased risk of COPD, this risk is greatly enhanced in individuals who have both smoked and had exposure to vapors, gases, dust and fumes (VGDF) in the workplace. 2 Identifying a component or components of cigarette smoke and VGDF that induce COPD is likely to be of importance in the prevention and the understanding of the pathogenesis of COPD.
Cadmium (Cd) is present as the nanoparticle cadmium oxide (CdO) in cigarette smoke as the tobacco plant avidly takes up Cd from the soil via its roots and the metal subsequently accumulates in the tobacco leaf. 3 Cd concentrations in tobacco leaves
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hutchinson et al range from 20 to 37 mg/kg (dry matter). 4 The combustion of the tobacco leaf results in the generation of CdO. The average cigarette contains about 2 μg Cd and 2%-10% of that dose is transferred by primary cigarette smoke. 5 The amount of Cd is approximately two fold higher in smokers than in non-smokers and the biological half-life in the human body is about 30 years. 6 Other major sources of exposure to Cd are volcanic activity, mining, fossil fuel combustion and the incineration of Cd-containing batteries and plastics. Once absorbed, the cumulative levels of Cd in the body increase with age because of the lack of an active biochemical process for its elimination. 7 Cadmium, therefore, can be inhaled into the lungs as a consequence of a myriad of environmental sources and is a very significant cause for concern with regard to ill health. [8] [9] [10] Cadmium, in particular, is associated with an appreciable increased risk of COPD in smokers and ex-smokers 11 and in occupationally exposed individuals. [12] [13] [14] [15] [16] Animal studies have also convincingly demonstrated that an aerosol of Cd chloride induces emphysema. 17 Other risk factors for COPD include occupational exposure to silica dust. 18 We have demonstrated previously that silica and carbon-derived nanoparticles cause intracellular citrullination of cytokeratins 7, 8, 18 and plectins both in vitro and in vivo. 19 This has possible implications for the understanding of the pathogenesis of COPD, and it is noteworthy that an autoantibody against cytokeratin 18 protein was found in 76.0% of COPD patients as opposed to 23.8% of control subjects (p,0.001). 20 This suggests that cytokeratins may be an important antigenic target in COPD. Accordingly, cigarette smoke has been observed to increase cytokeratin expression in lung epithelial cells. 21 Citrullination, although primarily associated with autoimmune-mediated inflammatory diseases such as rheumatoid arthritis (RA) where citrulline is an essential constituent of antigenic determinants recognized by RAspecific autoantibodies, 22 also occurs in COPD. Studies have observed citrullinated proteins in COPD lung samples or an autoimmune response to citrullinated proteins in the sera of COPD patients. 23, 24 Citrullination is a permanent post-translational modification that takes place after protein synthesis with conversion of peptidylarginine to peptidylcitrulline catalyzed by peptidylarginine deiminases. 25 Given that citrullination occurs in the airways of smokers 26 and that cadmium rather than silica is abundant in cigarette smoke, 4 as a proof of concept study, we have tested whether cadmium has the potential to citrullinate intracellular proteins.
Methods

Significance of study
The aim of the study was to test whether Cd has the potential to citrullinate intracellular proteins under conditions that reproduce conditions representative of the burning cigarette.
Cell culture and treatments
The experiments were carried out in human lung epithelial cell line A549 cultured in Dulbecco's Modified Eagle's Medium (Thermo Fisher Scientific, Waltham, MA, USA) supplemented with 10% fetal bovine serum, 5 μg/mL gentamicin and 1% L-glutamine at 37°C in humidified atmosphere with 5% CO 2 . The A549 cells were purchased commercially from ATCC. Cadmium chloride (CdCl 2 ) and CdO nanoparticles were used as soluble and nanoparticulate forms of cadmium, respectively. Ultrafine carbon black (ufCB) served as a control nanomaterial previously shown to induce protein citrullination. 3 The combinations of CdCl 2 /ufCB and CdO/ufCB after combustion at ~500°C were used in the study as potentially imitating the more complex nanoparticulate substances present in the burning cigarettes. To eliminate the interference of acute toxic effects of cadmium-containing experimental compounds with the experimental results, cytotoxicity studies were initially carried out in a set of established high-content screening and analysis (HCSA) assays to determine toxic concentrations. The substances utilized in the experiments were then applied to the cells in sub-toxic concentrations of 1 μg/mL for CdCl 2 and CdO, and 10 μg/mL for ufCB. Cells were exposed to all the materials at 37°C for 24 h.
Western immunoblotting
After the treatment cells were lysed in RIPA buffer (Santa Cruz Biotechnology, cat no sc-24948), lysates were sonicated for 15 s and centrifuged at 12,000× g for 20 min at 4°C. After quantification with Pierce ® BCA Protein Assay kit (Thermo Fisher Scientific, cat no 23225), aliquots of 50 μg of proteins were mixed with SDS sample buffer, warmed at 95°C for 10 min and loaded on a 4%-12% gel for SDS-PAGE. After electrophoresis, proteins were transferred to polyvinylidene fluoride membranes (Immobilon-P; EMD Millipore, Billerica, MA, USA). Non-specific binding sites were blocked by incubating for 1 h at room temperature in 5% dry milk in TBS-Tween 20. The blots were then exposed at 4°C overnight to anti-citrulline primary antibody (EMD Millipore, cat no 07-377) diluted in 5% BSA in TBS-Tween 20. After washing, the blots were exposed for 1 h at room temperature to HRPconjugated anti-rabbit antibody (Cell Signaling Technology), 
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Cadmium nanoparticles citrullinate cytokeratins and diluted 1:20,000 in blocking solution. Immunoreactivity was visualized with Lumina™ Forte Western HRP Substrate (EMD Millipore, cat no #WBLUF0100).
Immunoprecipitation
After 24 h of treatment with Cd compounds, cells were lysed in RIPA buffer and then the amount of proteins were quantified as already described. Aliquots of 1 mg of proteins were mixed with 3 μL of anti-citrulline primary antibody (EMD Millipore, cat no 07-377), and then incubated with gentle rocking overnight at 4°C. In total, 30 μL of Protein A (SigmaAldrich Co., cat no P7786) was then added to the samples and incubated again with gentle rocking at 4°C. After 3 h, the samples were centrifuged for 30 s at 4°C. The pellets were washed 3 times with 500 μL of cell lysis buffer. The pellets were then resuspended in 20 μL of SDS sample buffer (Thermo Fisher Scientific, cat no LC2676), heated at 95°C for 10 min and loaded on a 4%-12% gel for SDS-PAGE. After electrophoresis, the gel was rinsed 3 times for 5 min with deionized water to remove SDS and buffer salts. Finally, the gel was stained with enough Simply Blue™ SafeStain (Thermo Fisher Scientific, cat no LC6060) to cover the gel and incubated for 1 h at room temperature.
nano-liquid chromatography-electrospray ionization Orbitrap mass spectrometry/ mass spectrometry
The major protein bands (3 bands for each lane) on Simply Blue SafeStain SDS-PAGE gel were excised and digested ingel with trypsin after reduction and alkylation. The resultant peptides were separated on a Waters nanoACQUITY Symmetry C18 trapping column (180 μm × 20 mm, 5 μm) and separated online in nanoACQUITY UPLC BEH130 C18 column (1.7 μm, 75 μm × 200 mm) (Waters) with a 60 min gradient of increasing acetonitrile concentration, containing 0.1% formic acid at a flow rate of 0.3 μL/min. Mass spectrometry (MS) analysis was performed on LTQ-Orbitrap Elite ETD Mass Spectrometer (Thermo Fisher Scientific) using nanoelectrospray in positive ionization mode (CID) at 1.8 kV. The LTQ-Orbitrap Elite was operated in a top 15 peak data-dependent survey scans from 350 to 1,800 m/z at a resolution of 120,000. Top 15 tandem MS scans were acquired with normalized collision energy set to 35 for CID and single charged ions and repeated ion within 60 s excluded. Raw data files were subjected to database search using Peak Studio 7.5 software (Bioinformatics Solutions Inc., Waterloo, ON, Canada) against Uniprot human database with 20,196 entries. The peptide and fragment ion mass tolerances used were ±10 ppm and ±0.6 Da, respectively. The specified search parameters were trypsin digest with a maximum of 2 missed cleavages, carbamidomethylation of cysteine as fixed modification, oxidation of methionine, deamidation of asparagine and glutamine, and citrullinated arginine as variable modifications. Ten or more matching peptides (false discovery rate at 0.1%, $2 unique peptides) and at least one confidently identified arginine citrullinated peptide (PEAKS DB Scoring -10lgP .25) were required for a secure identity assignment.
Immunostaining and laser scanning confocal microscopy A549 cells were seeded on sterile coverslips (diameter: 16 mm) placed in 24-well plates at a cell density of 1×104 cells/well. After incubating for 24 h at 37°C, cell cultures were exposed to the nanomaterials at the same concentrations tested in the Western blotting experiments. Cells were then washed with pre-warmed PBS twice and fixed for 10 min with 3.7% paraformaldehyde. Specimens were then permeabilized with 0.1% TritonX-100 for 5 min. Following incubation in blocking buffer (1% bovine serum albumin [BSA] and 10% FBS) for 1 h at ambient temperature, specimens were extensively washed with PBS and stained for citrulline with rabbit polyclonal anti-citrulline antibody (ab100932; Abcam, Cambridge, UK) at a dilution equal to 1:200 in 0.05% BSA. Staining was performed overnight at 4°C. Cells were then washed with PBS and incubated with the anti-rabbit FITC-conjugated secondary antibody (1:500) (Thermo Fisher Scientific) for 24 h at 4°C. During this step, the following cell compartments were also stained: nuclei with Hoechst 33342 (1:1,000) and F-actin with rhodamine phalloidin (1:200) (both purchased from Thermo Fisher Scientific). After washing with PBS, specimens were mounted in transparent mounting medium (Vectashield; Vector Laboratories Inc., Burlingame, CA, USA) prior to laser scanning confocal microscopy analysis by a Zeiss LSM 510 Meta confocal microscope equipped with a Zeiss Zen software (Carl Zeiss Meditec AG, Jena, Germany). The appropriate controls (ie, untreated A549 cells stained only with Hoechst, rhodamine phalloidin and the secondary antibody) were also prepared.
Results
Cadmium compounds were cytotoxic to the A549 epithelial cells at concentrations above 5 μg/mL (HCSA data not shown). Based on the results of cytotoxicity measurements, 
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hutchinson et al all the materials utilized in the experiments were subsequently applied to the cells in sub-toxic concentrations as indicated in Methods, Cell culture and treatments section. CdO, ufCB and its combination with CdCl 2 and CdO after high temperature combustion were capable of inducing citrullination of proteins in cultured human lung epithelial cells of A549 cell line, as detected by Western immunoblotting (Figures 1  and S1 ). Citrullination was significantly enhanced where Cd compounds were used post-combustion with ufCB. This was especially pronounced with CdCl 2 (Figures 1 and S1 ). Cellular proteins undergo post-translational citrullination via a peptidyl-arginine deiminase-dependent mechanism, as demonstrated in our previous studies. 19 The majority of citrullinated proteins were represented by the bands corresponding to the molecular weights between 55 and 72 kDa, and several less abundant bands at the level of ~25 kDa and over 130 kDa ( Figure 2 ). Acidic cytokeratins of type I (9, 10) and basic/ neutral cytokeratins type II (1, 2, 5, 6A, 6B and 77) were identified as predominant intracellular citrullination targets (Table S1 ). Immunofluorescent staining demonstrated that the citrullinated proteins were localized both in the cytoplasm (distributed in a speckled pattern) and nuclei (as diffuse staining and discrete, more intense compact spots) of cells exposed to Cd nanoparticles, similarly to the distribution patterns observed in cells exposed to ufCB (Figure 3) .
Discussion
This study has established for the first time that Cd in particulate form causes citrullination of intracellular cytokeratins 1, 2, 5, 6A, 6B, 9, 10 and 77, belonging both to type I (acidic) and type II (neutral/basic) cytokeratin proteins. Intracellular distribution patterns of citrullinated proteins following CdO and ufCB exposure included both cytoplasmic and nuclear components, in concert with the recent findings suggesting the involvement of cytokeratins in nucleocytoplasmic transport and signaling. 27 Of note, among the cytokeratins identified in the present study, keratins 6A, 6B, 10 and 77 possess nuclear localization sequence motifs. 27 The identities of other citrullinated proteins with molecular weights Notes: a549 cells were left untreated (nC) or exposed to sub-toxic concentrations of Cd compounds. After 24 h of treatment, protein citrullination was quantified by Western blotting. a representative blot is shown, with actin used for loading control (A). The quantification analysis of the same blot is shown. The experiment was performed twice with comparable results (B). Cd, cadmium; nC, no treatment; CdO, treatment with CdO alone; Pre-CdO, exposure to CdO + ufCB precombustion; Post-CdO, exposure to CdO + ufCB post-combustion; Post-CdCl 2 , exposure to cadmium chloride + ufCB post-combustion; ufCB, treatment with ultrafine carbon black alone. Abbreviations: nC, negative control; CdO, cadmium oxide; CdCl 2 , cadmium chloridel; ufCB, ultrafine carbon black. 
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Cadmium nanoparticles citrullinate cytokeratins below 30 kDa and over 130 kDa detected in this study will require further investigations.
We have demonstrated previously that cytokeratins and plectins are the citrullination targets in A549 cells exposed to SiO 2 and carbon-derived nanomaterials. 19 However, Cd is an important component of cigarette smoke, whereas SiO 2 is not. We have demonstrated here that CdO induces intracellular citrullination of cytokeratins. We suggest that citrullination is highly relevant to COPD as a consequence of the generation of potential neoantigens. Previously, an antibody response to native cytokeratin 18 protein has been observed in COPD, 20 and it will be of interest to study whether there is an anticitrullinated protein (ACPA) response to the citrullinated cytokeratins reported here.
Certainly, heavy smoking COPD patients have been reported to have the highest prevalence of positive ACPA (7.4%) as opposed to never smokers (2.4%): OR 3.26, 95% CI 0.85-12.6, p=0.089. Furthermore, COPD smokers had significantly higher levels of ACPAs than smokers without COPD. 24 The prevalence of reported serum ACPA positivity in COPD has been reported in other studies to be between 7% and 17%. 28, 29 However, serum antibody levels do not take into account local lung antibody production and the possibility that these antibodies are then sequestered as a result of complement fixation potentially generating local tissue damage. Indeed, abundant citrullination of proteins in the lung has been observed in lung cancer patients and correlated with the tissue expression of cytokeratin 7. The authors suggested that citrullination may be helpful in distinguishing lung cancer from healthy tissue. 30 It has been hypothesized that COPD may have an autoimmune component 31 and further studies will be important in determining whether Cd inhalation can initiate an autoimmune process. Certainly, citrullination is central to the pathogenesis of the autoimmune disease RA 22 and there are striking parallels between RA and COPD as they share similar environmental risk factors such as heavy smoking 32 and occupational exposures to VGDF. 33 A systematic review and meta-analysis demonstrated that both RA and COPD clustered together with a statistically significant increased risk of subsequent development of COPD among patients with RA independent of cigarette smoking. The pooled risk ratio of incident COPD in patients with RA versus control was 1.99 (95% CI 1.61-2.45). 34 Interestingly, there appears to be an emerging literature to suggest that Cd exposure is associated with RA development. 35 Aside from the potential development of autoimmunity, citrullination is likely to be of importance in COPD development and or severity. For example, the citrullination of LL-37 (an important component of innate immunity) results in a 40-fold reduction in its neutralization of the proinflammatory activity of lipopolysaccharide due to a marked decrease in its affinity for endotoxin as the introduction of citrulline significantly changes the structure and function of LL-37. 36 Additionally, polymorphonuclear neutrophils release neutrophil extracellular traps (NETs), which express an abundance of neutrophil elastase. It has been demonstrated that COPD sputa are abundant in NETs and that the formation of NETs is associated with the generation of citrullinated histone H3. 37 Recently, it has been demonstrated that cigarette smoke extract (CSE) is an important facilitator that triggered neutrophils to undergo NETosis in vitro. Furthermore, CSE-induced NETs were capable of driving plasmacytoid dendritic cell maturation and activation, thereby initiating a T-cell-mediated immune response. 38 In view of the aforementioned details, we suggest that Cd exposure and subsequent protein citrullination is relevant 
Limitations
A limitation of the study was that the effect of Cd was not measured over a prolonged period of time (24 h in this study), and it is conceivable that other intracellular proteins could be upregulated and citrullinated by prolonged cellular exposure to Cd. In keeping with this, chronic Cd exposure in vitro induces cancer cell characteristics in human lung cells over 20 weeks with an increased expression of the epithelial-to-mesenchymal transition marker protein vimentin. 39 We have not investigated the mechanism by which Cd induces citrullination or whether the combination of both Cd and silica nanoparticles have an enhanced effect on citrullination. However, given that we observed that citrullination was significantly enhanced where Cd compounds were used post-combustion with ufCB, it is conceivable that a combination of both Cd and silica nanoparticles has an enhanced effect on citrullination.
This study utilized A549 cell, which is a transformed cell line. However, we feel that this cell line is representative of primary cell lines as A549 cells have been used as a model closely imitating type II alveolar cells for decades. [40] [41] [42] We appreciate that it is a transformed cell line and understand potential limitations, but intentionally utilized it for the sake of consistency of experimental data in the studies performed on several types of cadmium compounds, different time points and exposure scenarios. Another consideration was the significant volumes of cell lysates required for the immunoprecipitation and protein sequencing studies, which would not have been achievable using the primary cells. Furthermore, in our earlier relevant study, the experimental results obtained in A549 cells were fully confirmed by longterm in vivo animal tests. 19 
Clinical implications
Molecules that inhibit citrullination may be of importance in the treatment of COPD. There are protein arginine deiminase (PAD) inhibitors in development. First-and second-generation PAD inhibitors have shown promise in preclinical studies with animal models of diseases where protein citrullination is known to be important. 43 Cd is a potent generator of superoxide within the cell. 44 This is relevant to citrullination and the generation of neutrophil NETs as superoxide has been observed to citrullinate histone H3 with the subsequent development of neutrophil NETs. 45 There are potential therapeutic agents that may negate Cd-induced citrullination. For example, zinc has been observed to reduce the antioxidant burden in COPD 46 and has been noted to reduce Cd-induced superoxide concentrations 44 and therefore may be of therapeutic relevance to Cd-induced COPD patients. Additionally, N-acetyl cysteine can reduce superoxide generation and has been demonstrated to result in decreased NET formation 45 and therefore may also be of relevance to Cd-induced COPD.
Conclusion
The clinical relevance of this study provides evidence for the first time that Cd is associated with intracellular citrullination. The proteins citrullinated were cytokeratins of type II (1, 2, 5, 6A, 6B and 77) and type I (9, 10). Immunofluorescent staining confirmed the localization of citrullinated proteins both in the cytoplasm and cell nuclei. These data may be useful to help identify useful ACPAs relevant to COPD patients. Further studies to determine if citrullination of cytokeratins can contribute to airway inflammation and tissue remodeling will be of interest. Additionally, studies to determine if Cd exposure and subsequent citrullination of histone H3 and LL-37 can influence neutrophil NETosis and an increased risk of respiratory infection, respectively, are warranted.
